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e The NA62 Experiment and the K™ — 1"uv process
* RUNZ2 upgrades

 Last updates about the K* — mt uU measurement
LNV /LFV SEARCHES

* Rare Kaon and Pion Decays

* Long-Lived NP Particles: hadronic final state
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The NA62 Experiment
And
the K* — 1tTuU process




T h e N A6 2 EX p e ri m e nt ~ 200 participants from: Birmingham, Bratislava, Bristol,

. L . . Bucharest, CERN, Dubna, GMU-Fairfax, Ferrara, Firenze,
e NAG62: ngh precision flxed—ta rget Kaon experlment at CERN SPS Frascati, Glasgow, Lancaster, Liverpool, Louvain, Mainz,

. . + +..— Moscow, Napoli, Perugia, Pisa, Prague, Protvino, Roma |, Roma
* Main goal' measurement of BR(K — M UU) 1, San Luis Potosi, Torino, TRIUMF, Vancouver UBC
* Broader physics program: LFV / LNV in K* decays, precision
measurements and hidden sector particles searches. _oms

NA62 Timeline \ NAez
2008: NA62 Approval

2014: NA62 Pilot Run (partial layout)

2015: Commuissioning run

ALICE

2016 Commissioning + Physics run (45 days) e} aoosTer
2017 Physics run (160 days) % e

2018 Physics run (217 days) “» - Sioes
2021 Physics run (85 days [10 beam dump]) ninc =

2022 Physics run (215 days). o £ ) S e T ¢
2023 Physics run (150 days [10 beam dump]). e it o S o

N

2024 Physics run just finished (204 days [10 beam dumpy .

] this result
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NA62 Layout

SPS Beam:

Secondary positive Beam:

Dipole spectrometer

4 straw-tracker stations

* 400 GeV/c protons 7 75 CEfe e u Veto
1,9-10% protons/spill K" (6%)/m" (70%)/p(24%) Fe/scint
XIml = Sp”f’ P 33x101! ppp on T10 (750 MHz at GTK3) MUVO
A :
2 STRAW CHOD l
i Beam tracking y veto LAV MUV1],2
1 ] Si pixels, 3 stations . [ T T Iron
: RERR MUV3
| Target KTAG GTK _f P SAC
0 - ——— e e CHANTI— Vacuum . A ———re . 5 Wveto
i Differential Cerenkov [ : : : : ]
1 - for K* ID in the beam l l l l l | l l HASC
Decay Region: Charged veto 1 IRC Dump
- 60 m long fiducial region Deca
2" * ~5MHzK"decay rate @ «—— ay LKr
Region
* Vacuum ~ O(10°) mbar Y veto
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| )T I | | I -
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NA62 Trigger

NA62 aims to measure the ultra-rare decay BR(mtvv)g,, s = 8.60 x 10711

Very intense hadron beam:
o close to a GHz upstream
o more than 13 MHz of Kaon decays l |
o spills of 4.8s duration

' o LOTP
1 MHz
o good time resolution at level LO V V V V V o V

RICH MUV

L J

o a fast, selective trigger and data acquisition system GigaEth SWITCH
o minimization of data-collection dead times J J |} ! { { J
Linz || vz || ez || vz || vz || oz || vz
pc [1 pc || pc [| pc || Pc || Pc [| Pc |
—
¥ ¥ ¥ ¥ ¥ ¥ ¥
2 trigger levels: L1 trigger P —
. - : —— Trigger primitives CDR - Tl
o hardware level: level-0 trigger e o0

o software level: level-1 trigger B




LO Trigger

* Some detectors send raw data (primitives) to the level-0 trigger processor LOTP+;
o Primitives are generated from the TEL62 read out boards;

 LOTP+ combine primitive in time to generate trigger requests

e LO trigger request are sent through TTC system

e LO trigger is generated after a maximum latency of 1 ms;

e All detectors except Calorimeters and GTK respond to LO;

e 10 LO trigger masks.

* LO efficiency > 92%

— — To PC-Farm

To PC-Farm

———— To PC-Farm
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L1 Trigger

e L1 Algorithms based on 3 detectors data: KTAG, LAV and STRAW,;

e L1 trigger run over a cluster of 30 computers, with each computer independently
executing the software on a subset of the LO-triggered events.

* Calorimeters and GTK send data after L1 request; protons on target: 3.3 x 1012

* A fraction (1%) of the events are accepted regardless the trigger condition for
efficiency measurement

e L1 efficiency ~ 98%

e Eventssize ~ 20 kB

.

burst length: ~ 4.8sec

Secondary beam: 750 MHz

LO input: >10 MHz

LO output: 1 MHz

LT output: 100 kHz
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The K- mttuv decay

* High sensitivity to New Physics
 FCNC process forbidden at tree level
 Highly CKM suppressed (BR ~ |V, XV,4]?)

* Very clean theoretically: Short distance contribution

 hadronic matrix element extracted from precisely measured BR(K* —» mle*v)
* Precise SM predictions:

- BR(K™ —» m™uy)g,,,. = (8.60 £ 0.42) x 1011 o
[Buras et al. EPJC 82 (2022) 7, 615] °t=°lF
« BR(K* = " U0)yamproso = (7.86 £ 0.61) x 1011 L&
[D'Ambrosio et al. JHEP 09 (2022) 148] ‘g N
» Experimental status: &
T — +4.1 - R
BR(K™ — T[+UU)NA62(2016-18 data) = (10.60235) X 10 t ¢

[JHEP 06 (2021) 093]




K* - 1ttub and New Physics

Measurement of charged (K™ — m*uU) and neutral (K; = m’vU) modes can
discriminate among different NP scenarios

~ 20 . . ‘

— Buras, But{aZzo, Knegjgfis
x JHERA1511
T§‘ MFV :

T 15)

T

<
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\ General NP o

A; or AR only :

2
|€B | x Im AL(R) / ﬂ/IZ{;
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20 25 30
BR(K" — #*vv) x 1011

Models with CKM-like flavor structure (Modeéls with MFV)
[Buras, Buttazzo,Knegjens, JHEP11(2015)166]

Custodial Randall-Sundrum
[Blanke, Buras, Duling, Gemmler, Gori, JHEP 0903 (2009) 108]
Simplified Z, Z' models
[Buras, Buttazzo,Knegjens, JHEP11(2015)166]
Littlest Higgs with T-parity
[Blanke, Buras, Recksiegel, Eur.Phys.). C76 (2016) 182]
LFU violation models
[Isidori et al., Eur. Phys. J. C (2017) 77: 618]
Leptoquarks
[S. Fajfer, N. Kosnik, L. Vale Silva, arXiv:1802.00786v1 (2018)]

MSSM analyses
[Blazek, Matak, Int.J.Mod.Phys. A29 (2014) no.27],[Isidori et al. JHEP 0608 (2006) 064]




Analysis strategy

-
01 —
% - ]
i i 2 008 - 10
analysis key points: . 008 -
* highly boosted decay (y ~ 150) E 0.06 - K N
* Large undetectable missing energy (neutrinos) - , : — 10°
- Region 2| =
« All energy from visible particles must be detected 0.04 — 3
 Hermetic detector cozverage 0.02 I — . i
: i SS|<grl\)a|+rfg4!§rgel\r;/lglmISS 0 -Regi()nl | f— = Control regions| 10~
I " [Control e —
* 60 m long decay region _0.02 [Lresion
- | e A — 10
_0.04_||||||||||-||||||||||||||||||||||||||
0 10 20 30 40 50 60 70
porf 7t momentum [GeV/c]
erformance:
e 103 Gevy/ct m?niss resolution Process Branching ratio
e >103 kinematic background suppression K* - ntn(y) 0.2067
e >108 Muon suppression Kt - p1tv(y) 0.6356
e >108 n° (from K*=>1'n®) suppression K+ .
* O(100 ps) timing between sub-detectors IR 0.0558
Kt - ttnti—etv 425-107°

12/12/2024 11




K* - truU: RUN1 result (2016 -2018)

Data-taking year

Reference] Ny

SMex
N, p Nobs

v

BR(K, — n'vv) x 10"

A; or Ap only:

2016 PLB 791 (2019) 156] | 0.152%005: | 0.267 £0.020 | 1
2017 JHEP 11 (2020) 042] | 1.46 £0.33 | 2.16 +0.13 2
2018 JHEP 06 (2021) 093] | 5.421992 | 7.58+0.40 | 17
2016-18 JHEP 06 (2021) 093] | 7.031395 | 10.01+£0.42 || 20

—0.82

- : 1
e \'\p o Im Aim] / A{;..

0.12

0.08

SM K*—>ntvw

2018 data |~

0.06

m2, [GeVZ/c']
o
[

Ay +4g | x|AT|
T

SM,exp e N - ____1
N_ 7 " assumes: 10 JlS 20 25 30

BM =84 x 10711 NAG2 @ 10 BR(K" — 7'v7) x 10"

Statistical combination:

[}
[} o
([ ] [ ] [ —
0.04 . B T B(K* — m*vv) = (10.613%] ., + 095y X 1071 @68% CL
0! RS Background-only hypothesis: p = 3.4 X 107" = significance = 3.40
_0.02 . ."-;M. : . v ¢ A by indy '...t' B o’ ‘." - '."-‘: " ‘e D Lt P
~0.04 B L | e
15 20 25 30 35 40 45
7 momentum [GeV/c]
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RUN2 Upgrades




Improvements for RUN2

X [m]

Target KTAG GTK

Region Total 4317522

Background 2;‘:’:2)2)

CHOD Upstream 2.76%020
lliron K* - mtm’ 0.52 + 0.05
Kt - utv 0.45 + 0.06

KT>n"n"e*v| 041+0.10

K*->n*tn*n™ | 0.17 +£0.08

Largest backgrounds:
1. Upstream
2. Decay Kt - ntn!

Then:

New GTK station: GTKO

PID improved: K+ - KTAG, 1T+ - RICH, Calorimeters (LKr, MUV1,2), (u-
detector) —>random veto and acceptance

New vetoes: upstream (VetoCounter, ANTIO) and downstream HASC2

New collimator

New LO Trigger Processor: LOTP+ . trigger efficiency
New L1 trigger algorithms: STRAW and LAV :> . Bandwidth exploitation

* Intensity increased by ~35% with respect to 2018 [450 — 600 MHZz].
* |Improvements to the trigger configuration.

12/12/2024




new collimator

Mid 2018 - installed TCX Collimator TCX Collimator I\.;,33
Much improved shielding - blocking almost all upstream decay paths.
RICH
Bends
Bend4A . x
4]
It
Bend4 Bend5 TRIM5 =
=
i O
H‘II g Fake yertex
i — i .
' Scattering af STRAW1
—
Z
<C
I
@)

[RAM

. Signal in-time with true K which decays upstream. I

Z . Signal in-time with pileup beam particle (r*) which does not leave beam pipe

12/12/2024 15




New Upstream Vetoes

2021 - addition jof VetoCounter TCX Collimator I\I:,:33
RICH

Upstream decays can be detected and actively vetoed.

Sonds

Bend4A . ; x
Il E
Bend4 Bend5 TRIMS g
g - o 3
O ]
5 >§ (5) 6 > Fake yertex
o~
. + 1L |
— pn, = n S ey I_ . —
O ] = O

eyl == [l==

Scattering at STRAW1

VC2—® ‘

. Signal in-time with true K which decays upstream. I

Z . Signal in-time with pileup beam particle (m*) which does not leave beam pipe

12/12/2024 16




New upstream vetos: VetoCounter & ANTIO

VetoCounter ANTIO
* Detect particles from decays upstream of final collimator. ~ * Detect particles up to ~1 m from beam line.
* Factor ~3 rejection with ~2% accidental veto. * Reject “20% of upstream background with <1% signal loss.

Coll. (TCX)

VC3

12/12/2024 17




4th GTK station

* SiPixel detector exposed to ~1GHz beam.
* Essential for K* — m* matching.

* Measures K* 3-mom and time 4 I
* 4th GTK station improves efficiency and pileup resilience.

N
©
o
—
o
.Nl-
=N
N
)

Si Pixels ~(30x60 mm active area)

12/12/2024 18




New donwstream Veto

//
. 2021 - add HASC2
- /// ﬂ LAV1 2 Additional downstream particles can be vetoed.
~~  RICH

.. MUV1,2
=i ’

MUV3 |

Photon interaction

Addition of HASC2:
with RICH flange

¢ 30%less KT - wtr?

o 18%less K™ » mimtm™
¢ 35%less KT —» utv

e with only 1.5% signal loss

e

HASC1
. X

[

Z

\

STRAW- STRAW

12/12/2024




Last updates about the
K* - 10U measurement




N,r Normalisation Kt — 7t #° 2.0 x 10%

Data 2021-22: single event sensitivity i Nomalsetion sccomtance | (1541015 0.005)%

Nk Effective KT decays 2.9 x 102
Az Signal acceptance (7.6 £0.2)%
€irig  Trigger efficiency (85.9+1.4)%
egry  Random veto efficiency (63.6 + 0.6)%
sMexp — BR(TVV)gy _ BR(1tvv)g . o T
N = = Bsgs Single event sensitivity (0.84 £0.03) x 10
vy SES BR(rr)
* SM —_— _11 .
Assuming B__ -~ = 8.4 X 10 :
2021—-22: N~ = 10.00 + 0.34
o —i#i— Normalisation, K—r*'n® —8— Signal, K'—r*vv I C.f. 2016—18 : Nn'vv — 100 l i 04_2
[&] B —
S . e 0.94 : :
£ 0.025] £ z |
§ —— 0.92F —
S 0.02 el ;
k3] L * . i : - 1
ﬁ 0.015f 0.88" ) :_+— K-
C - - - i
0.01 g . 0.86 5 _'l'— ? 0.8
: . C ﬁ . ﬁ o)
0.005: @ 0.84_—' . '_+_ : E
0.82F|—m - S— . | o 06
09520 25 30 35 40 45 - ; —— °
Track momentum [GeV/c] 0.8 ; £ 04 : 7
0781 I I B L1 | L1 L1 | [ 1l -8 ' -
15 20 25 30 35 40 45 c 5 IRC+SAC veto 0
Case oLD NEW Track momentum [GeV/c] ° - —4— LAVveto (636 T 06) /o
2018 (S2) 2021-22 0.2 SN 1793 SV RS S O ——
o B —3F— Photon rejection %
Norm. 11.8% 13.4% +15% Ef?‘i g (new) — (8 5 .9 i 1 .4) % i + Photqn + multiplicity rejectiqn
: 0 1 1 I 1 1 1 | 1 1 | 1 1 1 1 I 1 1 Il t 1 |
Signal  |(6.37+0.64)%|(7.610.18)%| +20% 0 200 400 600 80 1000 1200
Instantaneous intensity [MHz]
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Background regions

Events passing TVV selection

0.12 Background Reglons 2021—22 data Signal regions
q__:_'_lf-_)_ . iR z -] Control regions
E 01 Shy ._»-f’- o 2 ! Background regions
S 008[ | TEr ot R E R CT:”F" Backgrounds from kinematic
L o o : : 3 : 2
N misconstruction tails in m.,, ;
nl_" 0.06/" % //// miss
vy - Control sample events
Ifﬁ 0.04L % Reg10n 2 // Number of events in Signal Regions
“EE CR2[ / passing signal selection \
(:?;12_ R S TR TR B A > in background region
o ////////// Regwm’ / // / - \ NES
CRmu2E e | Np,g = Noigr - fait = Nprgr * o5 —
-0.02| — / bkgR
~0.04] CRmu3 /
N NA62 PRELIMINARY Kinematic tail fraction: Control sample events
-0.06, _ " o e measured in control sample in Background Region

15 20 25 30 35 40 45
n* momentum [GeV/c]
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Backgrounds from kinematic tails

+ +.--0 + +
K™ —>n"n’(y) KT ->uv
control sample of K+ — m¥mY events with control sample of Kt - u"‘v events
m% = ¥y and 2 photons detected in LKr: with RICH PID=t* and Calo PID=p*:
% o | — All regions | | 2 10° | ;;:I.: rt;g;ons |
10 2 - !
3 | M R1, R2 | 2 -5 | =K R |
oy | CR1, CR2 | = 10° '? | B CRmu2 |
£ 10t I B CRmu3 I 2 I B8 CRmu3 I
> CR3D 5 el CR3D
Z 10° | | z 10°% | |
F 2J
12 NAG INARY 10°5 Y
E | _ |
‘IO:E | 10¢ |
{ ' 1 |
10—1: I | I 10-1
-0.02 0 0.02 0.04 0.06 0.08 -0.02 0 0.02 0.04 0.06 0.08
M s [GEVE/C] M2, [GEVZ/C’]
* <1% contribution from K~ — ,u,+v followed by u+ - etyy
Ny, (K* = n*1%(y)) = 0.83 £ 0.05 Npg(K* = u™v) = 0.9 £ 0.2
+ + -t
K"-»mn'n'n - +ortr—) —
e Use MC to measure f;;: | V(K™ 2w m™) = 0.11 1 0.03

12/12/2024 23




K* = utvy background

e Kinematically select K™ — pu vy
2
events:my ;o (Ky2,) = (Px — B, — B,)?

Evaluate background expectation using (VY control
sample from MinimumBias trigger, not applying
Calorimetric BDT classifier and MUV3 signal:

A——Minimum Bias Data v _

® P : 4-momentum of K™ from GTK (as normal)

o
ey

1) |
. 4- byt : < M "V
® B, : 4-momentum of track with u™ mass hypothesis. 3 - NA62 PRE |_| |NARY i W
° Py : reconstructed from energy and position of LKr P
! B _
cluster (and position of K™ -u* vertex). o fuy | g
o [ N .
Validation: data sample with PID = “less pion-like” X i control sample| | .
. . I T T s -3 Wl R oS v L [
(Calo BDT bins below ™ bin). x 005 A E
|2 - s 4 e : @ i : :
_.g, 60:_‘[(#2]/ Va||dat|0n Samples: -Q-ObSGNGd %g Expected _0-"___ T 10
0 507 .KFZY -K“2 : . Reglon 2
- -UpStream 0 15_| | L | I I . L | L F I T L
40— T -0.06 —0 04 —0 02 0 002 0.04 006 003 0.1
= NA62 PRELIMINARY M., = (P~ P [GoVc'
— i X X
30 S e Before K™ — p vy veto: found excess of events at
20 p > 35GeV/c in Region 2 relative to 2016—18 data.
» Additional background identified and studied in data control
10 samples & MC.
®* K* — puTvy veto added to selection criteria for final analysis.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Calorimetric pion probability

12/12/2024 24




Upstream background evaluation

Nbg — ZNifcdapgnatCh
l

N Upstream Reference Sample:
signal selection but invert CDA cut (CDA>4mm)
f cda Scaling factor : bad cda —> good cda
P match Probability to pass K+ - m+ matching

Calculate using bins (i) of (AT+, N6TK )
[Updated to fully data-driven procedure]

N=51 fops=020+0.03 <P, ..,>=73%

Ny, (Upstream) = 7.4% 1

Upstream reference sample contains all
known upstream mechanisms.

e N provides normalisation.
° fCDA depends only on geometry.
* Pmatchdepends on (AT+, NGTK ).

. .

5 |

. - mat::chl
15:_ ........................................... ............. |
: RY |
L[] T SN N S - ............ —

I .
4 0.45 05
A T,1 [ns]

0 0050101502 025030350

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
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Summary of expectation

Backgrounds
Kt — 7tn0(x) 0.83 £ 0.05
K+ = 7ta® | 0.76 +0.04 Bgps= (0.84 £ 0.03) x 10~
Kt — ntxly | 0.07 £0.01 C
Kt — utv(y) 1.70 £ 0.47
K+t —yutv | 0.8740.19 N_,, =10.00 £ 0.34
Kt —putvy | 0.8240.43
Kt s ntntn™ 0.11 £+ 0.03
— 0.34
i: :: ::;:Jw Ofﬁiﬂf + Ny per SPS burst: 2.5 x 1075 in 2022
« c.f. 1.7x107>in 2018. = signal yield increased by 50%
KT = mfyy 0.01+0.01 » Sensitivity for BR ~+/S + B/S similar but improved with
Upstream 7.4ﬁj§ respect to 2018 analysis, for same amount of data
Total 11.0175
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Control regions
2021—22 data Expected -¢-Observed
0.14 Powaroen ) o e
R £ R e—

o

—
]
<

wn
i
c
@
>
QO
Y—
O
| -
(b
0
=
=
=

rnﬁ'liss = (PK - P:'t)2 [GGVEIC4]

ootb --------‘“NA62 PRELIMINARY

C L J e i L | L | L | L e ____.____._._____._[____.____ﬁﬁﬁﬁﬁ_'ﬁiﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬁﬁIﬁ'_ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ_'i'_'_ﬁﬁﬁﬁﬁﬁiﬁﬁﬁﬁIﬁﬁ'_ﬁﬁ_'ﬁ'i'ﬁ'_ﬁﬁﬁ_'ﬁﬁﬁﬁﬁjiﬁﬁlﬁﬁﬁﬁﬁ'lr;fffffffff_ ii.’ifffiiiiﬁ.’ﬁiﬁlﬁﬁﬁ_'ﬁ'_ﬁﬁﬁﬁ_'ﬁ'_ﬁ'_
10 15 20 25 30 35 40 45 50 CR1 CR2 CBmu CRmu2 CRBmu3 CR3pi CFI:_BD
w* momentum [GeV/c] Control Region

Good agreement in control regions validates background expectations
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Result: events observed

. 0.12
©
o
% 0.1
S,
u. 0.08
o
'L 0.06
o
"g 0.04
E 0.02

o

-0.02

-0.04

-0.06

2021—22 data

: NA62 PRELIMINARY

Y Y Y Y Y N [N [ S S N S NN N NN R _—

15 20 25 30 35 40 45
n* momentum [GeV/c]

Expected SM signal Nﬁ%—, = 10.00 + 0.34
Expected background: N,,, = 11.02%3

1D projection with differential background predictions
and SM signal expectation [not a fit]:

éi;. 1{)4;;* ........................................................ {-[)atai!}(i:; ............................................
T E B, UK,
@ _
o 1035_, .............................................. Kllz-‘u .Ka.rt ........................
a ; Ke4 lKﬂw
8 2L _|/Ups.=Tot. Bkg,
=) =
Al TR R
: i 7Y
- MINARY
1072
1 1 I 1 1 1 | 1 1
-0.04 002 O 002 004 006 008 0.1

m2... [GeVZ/c]

Observed: N, =31
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Result: 2021-22 Data

Measure B_,, and 68% (1o) confidence interval

6 (momentum bin) categories
using a profile likelihood ratio test statistic q(0) ( ) &

After fit
30 / (use measured BR) +ND.:p(s{ﬁ}+b) B Nexo(b)

\NApzi PRELIMINARY o

Theory [JHEP 09 (2022) 148]: B = (7.86+0.61)x10™"

—_
o

TTT IIII[IIIIlIIII I]II|IIII|]III|[IIIIIIII TTTT

Fa)

Test statistic, @) = -2In( LO,V)/L(6,V) )

NA&Z P&ELIMINARY

Theory [EPJC 82 (2022) 7, 615]: B = (8.60+0.42)x10™"

NAB2 measurement

N/ e 2

\Alj.luull.,.l | |
20 25

— E | | |
15 30 35 0~4520 2025 2530 30-35 3540 40-45
B(K*—m*vv) x 10" Category (=* momentum range [GeV/c])

Number of events
(93]

/
%

= N W s~ 00 O N 00

]lIIIII

L
5 10

DO

BZI—ZZ(K+ - TC-I-V?) — (160tig) X 10_11 — (160 (tig stat (t%%‘ sysf:) X 10_11
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Combining NA62 results: 2016-22

Integrating 2016—22 data: N, = 18%3, N, =51

10 . o +Nc.b? = Nexp(s(0)+b) = Nexe(b)
= F R 30 210 1 L 2021-22
2 &= NAG2 PRELIMINARY o (51) (S2)

{g: 7;_ Theory [JHEP 09 (2022) 148]: B = (7.86+0.61x10™" E 8_ 17 NA62 F'RELIMINARY

i - Theory [EPJC 82 (2022) 7, 615]: B = (8.60+0.42)x10™" g :

= 6 = NAB2 measurement E

R S

N 9F ! Z

= aF | 207

5 % \ E

O 3F :

@ of :

e | 10

"can'J' = Lo

l—- 0 L1 JlLI ( JIILIJI|.IIJII 10 11 12 13 14
0 5 25 30 35 Category

B(K'—mn*vv) x 10"
BlG—ZZ(K-I- - T£'+'V;) — (13Oi§‘§3)) X 10_11 — (13 0 (+30 stat (+13 syst) X 10_11
Background-only hypothesis p-value =2 x 107/ |:> signlflca nce/Z >5
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Results in context

* NAG62 results are consistent
* Central value moved up (now 1.5—1.70 above SM)
. e :é z
* Fractional uncertainty decreased: from 40% to 25% NA62 201 6: -18
« Bkg-only hypothesis rejected with significance Z>5 NA62 PREUM'NARY
* First observation of K* - mtuU decay  —e || NA62 2021 -29
| —— NA62 2016 22
| KOTO direct exclusion @ 90% CL :
|l sm [JHEP 09 (2022) 148]
1077 4 _-——"'"';'r_gu-\:\a-__ é
s ] e Il  SM[EPJC 82 (2022) 7, 615]
ot: : — IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIII
I et IR P RELIMINARY 5 10 15 20 25 30 35 40
S | 3 B(K' = vv)x10"
10710 - ! & |
_SM [EPJC 82 (4022) 7, 615]} vV
SM [JHEP 09 (202p) 148] |
: ] Need full NA62 data-set to clarify SM agreement or tension
10—11 ' y II - - 1 . ' '
v e ;@Lifﬁp) PR [2023—LS3 data-set collection & analysis in progress...
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LNV / LFV SEARCHES




1072

&
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=
T
@

&

>
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First search for K*>mpLe

 [~Daa

|:]K'—):r['x°1tg

s |:|K'—m':t‘;1r

PK —r'ne'e

| [OK —=ne'veK o't

[K =n"w'v+K' »n'n'n

.....................................................................................................

.| == Data

[K'—a'n’x

|:|K —me\H-K St

|

m(n’rpte’) [MeV/c?)

BR(K* — o~ ptet) <2.9 x [0-10
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m(n°z*u-e*) [MeV/c?]

BR(K* — m0mr*p~e*) < 3.1 x 1010 BR(K* — mlmr*p*e™) < 5.0 x [0-10

h'_l_'L‘TI—'H-L"' L1 1 i l|111|||| e B BT R T B RS A | B L iy
550 600 650 450 500 550 600 650 450 500

A OK —=nu'v K or'n'n

& other coincidences

550

BOO

650
m(n’n*ute”) [MeV/c?)

ULs at 90% CL




Other results from RUN1

| PreviousUL oG 2015 | NA62 UL at 90% CL

K Ssm e BR<50x 10" BR<42x |0 PRL 127 (2021) 131802
K¥ >ntpe” BR<52x 10" BR < 6.6 x [0 PRL 127 (2021) 131802
0 - pet BR<3.4x 10" BR<3.2x 10" PRL 127 (2021) 131802
K¥ - mpfpf BR<86x 10" BR<42x 10" (25% of dataser) PLB 797 (2019) 134794
K' >metet BR<6.4x 10" BR<53x 10" PLB 830 (2022) 137172
Kt 5> mletet N/A BR <8.5x |0° PLB 830 (2022) 137172

K¥ > uvete® N/A BR<8.1x 10" PLB 838 (2023) 137679

With the RUN2 data NA62 can improve ULs on LFV / LNV
kaon decays by more than one order of magnitude
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Rare Kaon and Pion Decays




0 = e*e: Overview

* Experimentally observable: 0
BR(® - ete™(¥), X > Xoye), X =m2,/mZ

= Dalitz decay 1’ — yete™ dominant in low-x region
= Forx>x_,=0.95, Dalitz decay = 3.3% of BR(mt® - ete™(y))

* Previous best measurement by KTeV [Phys.Rev.D 75 (2007) 012004]:
BR(m? —» ete™(y),X > 0.95) = (6.44 +0.25 +0.22) x 1078

0

 Diagram considered in theoretical predictions leading to BR(mt® = e*e~(¥), no-rad) for various t® = y*y* transition

form factors.

Using latest radiative corrections in [JHEP 10 (2011) 122], [Eur.Phys.J.C 74 (2014) 8, 3010], the result can be extrapolated
and compared with theory:

B (7% — ete™,no-rad) x 108
KTeV, PRD 75 (2007) 6.84(35)
Knecht et al., PRL 83 (1999) 6.2(3)
Dorokhov and Ivanov, PRD 75 (2007) 6.23(9)
Husek and Leupold, EPJC 75 (2015) 6.12(6)
Hoferichter et al., PRL 128 (2022) 6.25(3)
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9 - e*e: Data sample

‘g = NAG2 Préliminary ——Data
g 180: ] .K+—)1t+e+e‘
:_N—‘-— 160[- j |I || |
. 2 0 Ml
» Data sample collected by NA62 in 2017 and 2018 g LR I ]
. — 120
* Signal decay mode: K* —» t™n%, % - ete”™ = Kt - n'nd, - |
* Latest rediative corrections included in the simulation 5 h
* Normalization decay mode: K* — n*e*e~ > o
= jdentical final state 40
= cancellation of systematics 20
* Multi-track electron trigger line used to collect both K* — m*mg, and K* —» ntete™ , 7 ,
2 iy # IRC
o] LA . _i__“' ‘ Qs
R Tl e "M{#‘W-}u
06E ; - - : ; ; I
140 160 180 200 220 240 260 280 300 320 340 360
m,.[MeV/c?]
Backgrounds:
o Kt > ntfete™ I D irreducible, flat in the signal region close to the T° mass

o Kf »n™n® n® - yete™ =K* - n*nd |:>_[T[O Dalitz decay distribution large-x tail
Photon conversion in STRAW + selection of a eT track from conversion

0 0 - etemete” = K* - tnd, ——> P double Dalitz decay with two undetected e*

o Kt - n™n
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0 = e*e: result

* Fit region for signal extraction in m_, € (130,140) MeV/c?
597 + 29signal events
* The results are compatible with the previous measurement and the theoretical predictions:

B(n® > e*e (y), x> 0.95) = (5.86 £ 0.3054 + 0.115y5, +0.19,,,)x1073
=(5.86+0.37)x1073

200

“E  NA62 Preliminary —— Data

> 180F |

E - MK -

o 160fF WK SBI107811 6 0

S : [107%) | 8B/B[%]

2 140F

& 1oof Statistical uncertainty 0.30 5.1
100f Trigger efficiency 0.07 1.2
80 Radiative corrections for 1% — ete~ 0.05 0.9
60 Background 0.04 0.7
40 Reconstruction and particle-ID 0.04 0.7
20 Beam simulation 0.03 0.5

0 13: Total systematic uncertainty 0.11 19

= 12 t

g ;2154 g oy e : Total external uncertainty 0.19 3.2

Y: ' ' ' N

E Y

130 131 132 133 134 135 138 137 138 139 140
Mee [MeV/c?]

S —
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K* = T *yy: overview

Crucial test of Chiral Perturbation Theory (ChPT) describing low-
energy QCD processes
= ChPT at the leading order O(p*) including next-to-leading
order O(p®) contributions necessary for observed di-photon
mass spectrum
BR(K* - m* yy) parameterized in ChPT by unknown O(1)

parameter ¢
0

Sighal K* > m *yy in z € (0.20, 0.51) and normalization K™ — ",

m’ = yyin z € (0.04, 0.12)

= Same decay topology —> cancellation of systematics
Main bkg source K* — nttn’y, % — yy with cluster merging in
calorimeter
Nops = 3894 with Ny, (expected) =291 + 14

2

5 = PxPm)® _ My
2 2

my myg
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4005 | | Data
- m» K> nyy
350" K oy
300E H [ |K'— n*n%°
- l K- ntntn
250 '
200¢ : L
150f ﬂ
s 1
100% b
e L
- 1 fﬂ'
- NI HH'P‘\»L_L ﬂ_L"'-I‘_"_T'JdT_LL"L s |
220 260 480 500 520 540
m,,, [MeV/c?]



https://doi.org/10.1016/j.physletb.2024.138513

K* = 1 *yy: result

¢ measured in O(p4) and O(p6) by ¥? minimization of

simulated samples to data

ChPT O(p*) is not sufficient to describe the data
Ccnpr o) = 1.144 £ 0.06954; £ 0.0344,;

E787 (1997)

31 events ®

NA48/2 (2014)

149 events —

NA62-2007 (2014)

232 events ¢

NA48/2 + NA62:2007 (2014)

381 events —

NA62 (2023)

3984 events *

||||||||||||||||||||||||||||||||||||||||
5 6 7 8 9 10 11 12 13
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14

B(K*— m+yy)x10’

1 r
= —— Data - |—— Data
T ¢ ++ ChPT O(p%) ¢ ChPT O(p?)
250 K" n*yy y¥ndf = 92.5/30 || K™ w7y 7¥/ndf = 29.6/30
200 o
150F
100- l - l
- Bh
old
12 | ) J“ﬁ ]L +
i EU Rt ﬂHr %Mﬂm sttty
808?}: ‘_}‘—]_% +.-I—++++% L1 | | ‘ | I | ‘ 1 | L 1 | ’—I—\ 1
0.6 02 025 03 03 04 0.45 0.5 , 0.2 0 25 0.3 0 35 0.4 0 45 0.5 ,

Branching Ratio
« Differential decay-width in O(ps) with ¢ summed over the full z-range:
BRehpr ope)(K* > * yy) = (9.61 + 0.1554¢ + 0.07y5¢) X 1077
* Model independent measurement (markers) summed over z bins > 0.20:

BRchpr opey(K* > vy, z > 0.20) = (9.46 + 0.1954 + 0.07y5) X 1077
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https://doi.org/10.1016/j.physletb.2024.138513

First search for ALPs: K* - m*a, a—=yy

* Peak search overm, = \/(PK — Pr)? in the range 207-350 MeV/c2 in steps of 0.5 MeV/c2
* myg resolution: from 2.0 MeV/c2 to 0.2 MeV/c2 across the search range
* In each m, hypothesis, bkg estimated with simulation and UL on the number of signal events set using CL, method

x107° — 10"
14| — Observed UL L
@
- Expected UL +10 @]

______ —_— L9

12 Expected UL +20 & 10

—
—

—
IDI

[®2)
T T T

D
T T T

B(K'—=r*a)xB(a—7y) at 90%CL

- 10_5 NAB2 results
2_ | =K+—)Jr+a,a—)yy
= H H H \s~ K+—>?T+Xinv
I | L1 | L1 | L1 L1 L1 L1 L1 SN]Q&;&‘ ~w. HO_)f‘Yinv
200 220 240 260 280 300 320 340 1T ] NG N A S A
m, [MeV/c?] 0 50 100 150 200 250 300 350

m, [MeV/c?]

e First UL on BR(K* = m*a) assuming prompt a—=yy decay (ta= 0)
* Limits on the coupling strength f51~T;0’50f the BC11 scenario
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https://doi.org/10.1016/j.physletb.2024.138513

Long-Lived NP Particles: hadronic final state

36 combinations of production and decay channels studied

* NA62 beam-dump mode
e Conducted a blind analysis until the opening of control and signal regions

e Various possibilities for exotic particle X with hadronic final state

e Background estimations with mix of data-driven and first-principle MC

“Combinatorial”: data-driven event overlay - negligible

DP DS ALP
|:> Tt~ Tt~ ’.Tl'+’ﬂ'_’}’
mtr—n° mtr—n®
7t 7970 | 7t 7970 | nta— 7070
Tty
KK~ KTK—
KTK—7° KTK—7°

BC4: Dark Scalar

|
= Neutrino-induced: GENIE + PYTHIA + GEANT4 - negligible
= “Prompt”: data-driven + GEANT4, inelastic interaction of halo u
= “Upstream”: data-driven + GEANTA4, particles selected by the GTK achromat
[ ]
Channel f\'fexp__cg + 51?\‘;)(13:(;}; -E\'Texp:SR + 51Vexp._SR i\rfifg 1\%0;)51;{ +CR
= 0.013 £ 0.007 0.007 4 0.005 3 4
ata Ty 0.031 £0.016 0.007 & 0.004 3 5
ata— 0 (1.3578) x 1077 (12573 x 1077 1 1
atn w070 | (1.6778) x 1078 (1.6773) x 1073 1 1
atany (7.37259) x 1078 (7.072%2) x 1078 1 1
K+K- (4.755%7) % 107 (4. 6“3“8‘) 107 1 2
K+*K=n" | (1.6772) x 1079 (1.5F%1) % 10=9 1 1

Table: Expected number of background events (68% CL) in CR and SR. Minimum number of observed events Ngp. for a

background-only p-value above 50 in SR and SR4CR (global significance, flat background in mjn, assumed).
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D —_
& 15 n BC1190% CLUL 1
G 1077 > 107S E Past experiments3
F LGD) NAG2 a +hadrons:
- — —— observed
10-% 4 S1p6L — #lo
E 3 Ug +2g
1077 BCasowcLuL = 10771 4
F Past experiments 3 F
L NA62 5~ hadrons: [ ]
10-8 3 —— observed 3 10-8L D N
F — +1o 3 F E
E ; 5 z
1077 NAG2 Preliminaryy 1079k me, | Imy my [NA62 Preliminarys
1071 10° 2x1071 100 2% 10°
ms [GeV/c?] ma [GeV/c?]

Search is background free not only at N,5; = 1.4 x 10Y7 but also in the future full Run 2 dataset of Nyg; = 1018

BC11 AX|on L|ke Particle

0 events observed in all control and signal regions
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Conclusion

* New study of K* — mHuvU decay using NA62 2021—22 dataset:
= |mproved signal yield per SPS spill by 50%.
e Combined with 2016—18 data for full 2016—22 results:
* N,,=18%3, N, =51
= BR}®-%%2 = (13.0%33) x 1071
= Background-only hypothesis rejected with significance Z>5

LNV /LFV SEARCHES
= K*>mlue

 Rare Kaon and Pion Decays
= 770 ete
= Kr>mryy

* Long-Lived NP Particles

= No observation of new physics signals
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Optimum NAG62 intensity

Saturation of expected signal yield with
intensity. Mainly due to:

= Paralyzable effects from TDAQ dead time

and trigger veto windows.

=  Offline selection, due to veto conditions.
Main sources of uncertainty for model:

= Online time-dependent mis-calibrations.

= Fit uncertainty.
From August 2023 operate at optimal intensity
(~75% of full) to maximise mvv sensitivity

=  Maximise signal yield

= |ower expected background

= Higher DAQ efficiency

Selected signal yield vs intensity
40 x10~°

= —signal acceptance : T oftha
é I i :

30 i_ | model
20 i_ i :
10 E_ 759;4;. —4 E _ E-——Full i.ntenésity

._lIIJl:lllIIjllleIi!]illllliIIJIII:JIJIj l!lillIIiIJlJ

0
0 100 200 300 400 500 600 700 800 900 1000
Instantaneous intensity [MHz]

Studies of 2021 - 22 data at high intensity were
crucial to establish optimal intensity

12/12/2024

45



2021 instantaneous beam intensity

:

10000

2000=> 2 Seconds in the spill — 1200

8000

9000 Al | events

— 1000

7000

1 [ 102

10

.'li Ill| III| IJI[[IIIlIIn!lII- [I

600 700 800 900

Folded event timestamp [25ns]

T100 200 300 400 500 600

Folded event timestamp [25ns]

Instantaneous beam intensity [kHz]
Instantaneous beam intensity [kHz]

 Remove events in first 1s of 4.8s spill for 2021 data only.
e DAQ overwhelmed by instantaneous rates up to 10x higher than design.
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Radiative decays

 K*- m*m,y : included with “kinematic tails” estimation.
= Suppression: photon vetos, rejection with additional y is 30x stronger.
= Estimation: MC + measured single photon rejection efficiency : Nbg(K* - m*m,y) = 0.07 £ 0.01
= Validation: mZ ;. control regions (CR1,2 - see later)
e K* - u*vy : not included in “kinematic tails” estimation if y overlaps u* at LKr (leading to misID as m*)
= Suppression: based on (PK — Pu - Py)2 and Ey with y = LKr cluster (mis)associated to muon.
= Necessary for 2021—22 data, since Calorimetric PID degraded at higher intensities.
= Estimation: min. Bias data control sample with signal in MUV3 : Nbg(K+ - pu+vy)=0.8 £ 0.4
= Validation: data sample without K* - u*vy veto and PID = “less pion-like” (Calo BDT bins below m+ bin).

Energy/cell [MeV]
L S8 -
- =S photon-like
o = C
RICH LKr q % S sl [ ] 10°
+ + ﬂ+ E >" 52:_ l "'....'&. -
_)‘ - : '.'
K-ty e | e £
Kt e | 48 [ .
V T "‘l'lq..\. ............... 46 ! 10
.............. w“ Expected
Spectrometer | e track
|_| ...... 2 Positlion | | 1Dead cellls
L NI J - T — Lol - S - 1 1

72 74 76 78 80 82 84
XID Cell LKr 3
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Acceptance

Analysis is performed in (5 GeV/c)
bins of momentum:

—i#i— Normalisation, K'—n*r®

Selection acceptance

()-()1 _"_@"“_"_“""“"4“""__"““""é""“""“""_“i"___“_"“_";

NAG62 PRELIMINARY _—*—

0.005
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N EXP

N_>;) =

SM
anv

Acceptances

SM
Bmfv

TV (pi)

Bsgs (Pz)

0.02—

0.025— -

—&— Signal, K'—=xn*vv

BTE?T

mr(pi)

Case

oLD
2018 (S2)

NEW
2021-22

Norm.

11.8%

13.4%

Signal

(6.37£0.64)%

(7.6120.18)%

25 30 35 40

Acceptances evaluated at O intensity.
Intensity dependence captured in &gy,

45
Track momentum [GeV/c]

e Increased selection efficiencies.
e New K-pi matching technique.
e Re-tuned vertex conditions.
e Relaxation of some vetos.

e Improved precision (plus improved

+15%

+20%

systematic uncertainty evaluation).

DONTETT (pi)gtrig (pi)SRV
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Trigger Efficiencies

Analysis is performed in (5 GeV/c) N EXP Brsrfv Bﬁfv v (Pi)
bins of fum: N_ =) = DONnn(pi1Strig (pqERV
ins of momentum: Bsrs(D;)  Bprw Anr(Di)

0.94

trig

F Etrig = “sig  Erig(new) = (85.9 £ 1.4)%
0.9 | ' ' | | ‘

e Trigger efficiency ratio:

B R R R R R R R R S R A R R R R R R I N R R R A e R R R R A RE R EE

0.88 » New: several components in both

normalisation & signal triggers:
partial cancellation.

e Old: in 2016—18 data normalise with
1 S e S fully independent min bias trigger
______ (no cancellation).

0,861t T

0.8

||i||||i||||i||||i||||i||||i||||i||
0.78" 95 20 25 30 35 40 45

Track momentum [GeV/c] ® Improved precision by factor 3 with
reduced systematic uncertainty.

12/12/2024 49




Random Veto

SM SM_ 4
Ery is independent of track momentum NExP Bmw Bmw Amyw(Di) DN .
(related to additional activity only) Nvw v(Pi) = BSES(pl) Brow Apr(D;) 0 mm (pi)gf?”ig (pi)erv
s [omre M ® cpy = Random Veto Efficiency:
% 0.8 Hﬁ++“h‘“+++++ ® 1 — &py = Probability of rejecting a signal
S | Ce, o Tvhen, event due to additional activity.
D 0.6 +++++ e Balance:
kS| - ' ++_._
0 i NAGZ PRELIMINARY e, e Strict vetos = lower efficiency
E 0_4_ ...................................................................... e e Loose vetos = higher background
&Cu - - Eﬁ*\i’:‘f veto ;' e Operational intensity higher but re-tuning
0.2 —F— LKrveto vetos means Epy, is comparable:
B +—— Photon rejection
i —=&— Photon + multiplicity rejection ERV(IIE'W /121 0y A 600MHZ) — (63 6 + 0. 6)0/0
| 1 1 I [l 1 1 I 1 | 1 I | | 1 I 1 | 1 I 1 | 1
% 200 400 600 800 1000 1200 &py(0ld Aygig = 400MHzZ) = (66 £ 1)%

Instantaneous intensity [MHZz]
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NAG62 in beam-dump mode

* target removed and TAX closed, KTAG and GTK not used;
e improved sweeping from magnets downstream of TAX, reduce background from penetrating particles;

* Proton beam intensity x1.5 of nominal;

= ."-'.'-'"'s;“#".f?.g.'.‘: X [m] MUVD
; 2 CHOD
: LAV STRAW
i |
Z ; et KFAG GTK RERN
3 = 0 ; CHANFI —Vacuum— ¢ 5
£ ) standard setup £ 1 Beam-dump setup ] |
SRR B o
i ] Be target
| No tarﬂetll II 2] removed Deca
. L = — - Regio:;: -
: BLABlB Blcﬂ.z —{'}_“II | | | 16'0 | | | | 1_;)0 | | | | 2{;0 | | 2I5[]' [.r-n]
T T T T * 1 T T T
0 hiti] 20 30 Z[ITI] o 10 20 30 Z[ITI]
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